1. Introduction {#sec1}
===============

The incretins, glucose-dependent insulinotropic polypeptide (GIP), and glucagon-like peptide 1 (GLP-1) are gut-derived peptides released in response to ingested nutrients that mediate important actions on nutrient metabolism \[[@bib1]\]. In addition to the regulation of insulin and glucagon secretion from pancreatic islets, both peptides exert numerous extrapancreatic actions. Notably, GLP-1 limits appetite, decreases gut motility and chylomicron secretion, and exerts mild effects on energy expenditure \[[@bib2], [@bib3], [@bib4]\]. These actions have supported the development of GLP-1 receptor (GLP-1R) agonists for the treatment of obesity independent of type 2 diabetes (T2D) \[[@bib5]\].

The role of GIP in the regulation of body weight is less clear. In addition to islet endocrine cells, the GIP receptor (GIPR) is expressed in white and brown adipocytes \[[@bib6]\] as well as discrete regions of the brain \[[@bib7]\], all tissues intimately involved in the regulation of body weight. Global germ-line deletion of *Gipr* produces protection against diet-induced obesity in mice \[[@bib8]\], which has generated the widely held belief that GIPR stimulation contributes to the development of obesity \[[@bib9]\]. Increased GIPR activity in the brain has been recently proposed to induce leptin resistance and drive obesity \[[@bib10]\]. In addition, GIPR agonists potently stimulate insulin secretion and enhance insulin sensitivity in adipose tissue \[[@bib11]\], suggesting that enhanced β-cell activity of GIPR may drive adipose tissue expansion. Supporting this, selective elimination of *Gipr* from β-cells produced a mild decrease in adiposity in aged mice on low-fat diets, but did not confer any changes in body composition when the mice were fed a high-fat diet \[[@bib12]\]. The importance of adipocyte GIPR for body composition is unclear. Although the rescue of GIPR expression exclusively in the adipose tissue of *Gipr*^*−/−*^ mice restored body weight to WT levels, this was the result of elevated lean mass, not gain of fat mass \[[@bib13]\]. Furthermore, complete adipose tissue knockout of *Gipr* \[[@bib14]\] or selective knockout in brown adipocytes \[[@bib6]\] did not alter body weight or fat mass in high-fat fed mice. Consequently, the mechanism of action or tissue location that accounts for protection against diet-induced obesity in the *Gipr*^*−/−*^ mice remains unresolved.

The clinical success of GLP-1R agonists has clearly demonstrated the glucose-lowering and weight-reducing effects of enhancing GLP-1R activity. Because of this, the observation that *Glp1r*^*−/−*^ mice are protected against diet-induced obesity has been largely overlooked \[[@bib4],[@bib15],[@bib16]\]. The paradoxical findings that both loss of function and gain of function in the GLP-1R system reduces diet-induced obesity complicates understanding the role of the GLP-1 system in energy balance. One explanation for these discrepant results is developmental compensation in germ-line gene deletion models. Indeed, there seems to be a balanced interplay between the incretin receptors in germ-line knockout mice \[[@bib12],[@bib17], [@bib18], [@bib19]\], with the elimination of one system enhancing activity of the alternative system. Whether hyperactivity of one incretin compensates for loss of the other to mitigate diet-induced obesity in *Gipr*^*−/−*^ or *Glp1r*^*−/−*^ mice is plausible but untested.

In the studies described herein, we tested the role of incretin antagonism on weight loss using a pharmacologic approach in adult mice, obviating any developmental compensations that might be present in animals with germ-line deletions of the incretin receptors. We hypothesized that this acute intervention would not affect body weight in fully developed animals challenged with a high-fat diet.

2. Methods {#sec2}
==========

2.1. Animals {#sec2.1}
------------

Eight-week-old male C57BL/6J mice were purchased from Jackson Labs (\#000664) and allowed to acclimate until the beginning of the study at 12 weeks of age. The mice were housed under a 12 h light/dark cycle and provided free access to food and water. All of the mice were fed a high-fat diet consisting of 45% calories from fat purchased from Research Diets (\#D12451). Throughout the study protocol, the mice were group housed (5 mice/cage) with treatment groups represented in each cage. All animal experiments were approved and performed in accordance with the Duke University Institutional Animal Care and Use Committee.

2.2. Treatment protocols {#sec2.2}
------------------------

Antagonizing antibodies for GIPR (Gipg013 \[[@bib20]\]), GLP-1R (Glp1R0017 \[[@bib21]\]), and IgG controls were generated at AstraZeneca. The mice were treated once weekly at doses determined to provide sustained antagonism for 7 days (Gipg013, 30 mg/kg; Glp1R0017, 19.2 mg/kg). No adverse effects were noted in response to any of the antibodies used. The GLP-1R agonist (dulaglutide, 1 mg/kg) was given twice weekly based on previous results \[[@bib22]\].

2.3. In vivo measurements {#sec2.3}
-------------------------

Body composition was determined by nuclear magnetic resonance (Bruker). Intraperitoneal (IP) and oral glucose tolerance was determined in response to 1.5 g/kg glucose (Sigma). Insulin tolerance was determined in response to 0.5 U/kg Humalog (Lilly). Exendin-4 (Ex4, 0.1 nmol/kg) and GIP (D-ala~2~GIP, 4 nmol/kg) were administered 10 min prior to IP glucose. Energy expenditure, respiratory exchange ratio, and activity were determined using a comprehensive lab animal monitoring system (Columbus Instruments).

2.4. Plasma hormone analysis {#sec2.4}
----------------------------

Whole blood was collected in EDTA-coated tubes following a 5 h fast and 10 min after the oral administration of glucose and stored on ice until centrifuged. Plasma was collected and assayed for insulin (Mercodia), glucagon (Mercodia), and total GLP-1 (Millipore).

2.5. Food intake studies {#sec2.5}
------------------------

Food intake in the mice chronically treated with antagonists was determined after 19 weeks of research immediately prior to the end of the study to allow for single housing of the mice. The mice were fasted overnight in clean cages and pre-determined amounts of high-fat diet were given at 7 AM. Cumulative food intake was monitored for the next 72 h. For acute food intake studies in response to incretin peptide treatment, the mice were fasted overnight and their food intake was monitored from 7 to 11 AM in response to a predetermined amount of high-fat diet. These studies were conducted after 3 weeks of treatment with the respective antagonist (Gipg013, Glp1R0017, or Gipg013 + Glp1R0017) administered weekly at the previously described doses. Incretin receptor agonists (GLP-1-dulaglutide (1 mg/kg)), 10 mg/ml; GIP-acylated GIP analog (mGIP Aib2 \[[@bib23]\]; (Ac-GIP)) were administered 30 min prior to refeeding and initiation of the study. Acute food intake studies were conducted in a cross-over fashion over a period of 2 weeks, with each animal undergoing all of the treatment protocols (PBS, dulaglutide, Ac-GIP). To account for variance between experimental time points, all the data were expressed relative to the PBS conditions for the given experiment.

2.6. Statistical analysis {#sec2.6}
-------------------------

All the data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism 7. A two-tailed Student\'s t-test or one- or two-way ANOVA was performed depending on the experimental design, with a Bonferroni post-hoc analysis. P \< 0.05 was used to determine statistically significant differences.

3. Results and discussion {#sec3}
=========================

3.1. Chronic antagonism of GIPR limits weight gain in high-fat fed mice {#sec3.1}
-----------------------------------------------------------------------

Prior to the initiation of the metabolic studies, we confirmed that weekly dosing of the GIPR Ab (GIPR Ab; Gipg013 \[[@bib20]\]) provides sustained antagonism of the GIPR in this dosing regimen. A separate cohort of wild-type (WT) mice received a single dose of GIPR Ab at 7 AM, with the beginning of a 5 h fast. The animals pretreated with GIP had significantly improved glucose tolerance after challenge with intraperitoneal glucose (IPGTT), which was completely blocked by treatment with the GIPR Ab ([Figure 1](#fig1){ref-type="fig"}A). Glucose lowering in response to exogenous GIP is due to GIPR activity in β-cells and insulin secretion \[[@bib12]\], indicating that the GIPR Ab antagonized GIPR activity in β-cells. Repeating the IPGTT 6 days following the single treatment with the GIPR Ab confirmed sustained antagonism over a 1-week period ([Figure 1](#fig1){ref-type="fig"}B), providing evidence for the sustained effectiveness of this treatment over 1 week. We then assessed GIPR antagonism using a food intake assay using an assay protocol. A GIPR agonist has been shown to induce modest decreases in food intake when administered peripherally \[[@bib23]\]. Following the same protocol, we found that GIPR agonism acutely reduced food intake in the IgG control treated mice, which was prevented by pretreatment with the GIPR Ab ([Figure 1](#fig1){ref-type="fig"}C). Thus, two independent assays conducted in vivo demonstrated efficient GIPR antagonism.Figure 1**Validation of the GIPR antagonist.** A) WT mice were administered a single dose of the GIPR Ab (30 mg/kg) at 7 AM coinciding with the initiation of the fast. Following a 5-h fast, glucose tolerance was assessed in response to PBS or GIP (4 nmol/kg) during an IPGTT. (n = 4) B) The IPGTT protocol was repeated in the mice receiving the GIPR Ab 6 days prior to the test for sustained antagonism. (n = 4) C) Food intake measured over a 4-h period in mice acutely treated with either PBS, dulaglutide, or GIP. Values are mean ± SEM, \*p \< 0.05 vs control. Statistical tests used: two-way ANOVA with a Bonferroni post-hoc test.Figure 1

To determine the impact of GIPR antagonism on high-fat diet-induced weight gain, the 12-week-old WT mice were divided into 3 groups with comparable starting body weights (BW) ([Figure 2](#fig2){ref-type="fig"}A). Prior to starting the high-fat diet, the mice were treated with weekly: i) IgG control, ii) GIPR Ab, or iii) GLP-1 receptor agonist (dulaglutide), which continued for 18 weeks. Dulaglutide was used as a positive control because it is known to reduce body weight and fat mass. The GIPR Ab and dulaglutide significantly reduced body weight gain by 21% and 56%, respectively ([Figure 2](#fig2){ref-type="fig"}B), with parallel decreases in the fat mass and no changes in the lean mass ([Figure 2](#fig2){ref-type="fig"}C). An IPGTT with GIP at the end of the study demonstrated persistent antagonism of GIPR ([Supplementary Fig. 1](#appsec1){ref-type="sec"}). Thus, chronic antagonism of the GIPR blunted diet-induced gain of body weight and fat mass, similar to a previous report of results with a different GIPR-blocking antibody \[[@bib22]\].Figure 2**Antagonism of GIPR prevents weight gain in response to a high-fat diet, but not in mice already obese.** A) Body weight of the mice at 12 weeks of age, immediately prior to the treatment intervention and commencement of high-fat feeding. B) Body weight gain over the treatment protocol. C) Fat and lean mass determined by MRI at the end of the study (week 18). D) Body weight of the mice at 24 weeks of age, following 12 weeks of high-fat diet without any drug intervention. E) Changes in body weight over the treatment protocol. F) Fat and lean mass determined by MRI at the end of the study (week 12). Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: one-way ANOVA (A, C, D, and F) and two-way ANOVA (B and D).Figure 2

To determine the impact of the GIPR Ab in established obesity, the mice were fed a HFD for 3 months to increase their weight to \>35 g prior to dividing them into three groups of equal BW ([Figure 2](#fig2){ref-type="fig"}D). Administration of the GIPR Ab to the obese mice produced a trend toward BW reduction relative to the controls that did not achieve statistical significance over 12 weeks, while dulaglutide significantly reduced body weight ([Figure 2](#fig2){ref-type="fig"}E). Similarly, the GIPR Ab produced only a trend toward significant lowering of fat mass, while the mice given dulaglutide had significantly reduced fat mass ([Figure 2](#fig2){ref-type="fig"}F). There were no changes in lean mass between the groups ([Figure 1](#fig1){ref-type="fig"}F). These data were consistent with the effects of GIPR Ab to prevent weight gain in our first experiment, albeit with lesser effects in the animals who were already obese. While this cohort of mice was observed over a shorter treatment period with the GIPR antagonist, we cannot exclude the possibility that a level of resistance to the effects of GIPR antagonism on body weight develops in obese mice. Indeed, the observation that GIPR antagonism was less impactful on body weight in the setting of obesity is consistent with previous work utilizing a separate GIPR-blocking antibody \[[@bib22]\] or GIPR peptide antagonist \[[@bib23]\].

3.2. Chronic effects of GIPR antagonism on food intake and energy expenditure {#sec3.2}
-----------------------------------------------------------------------------

To identify the mechanism by which chronic GIPR antagonism reduces body weight gain and adiposity ([Figure 2](#fig2){ref-type="fig"}B,C), we conducted a food intake assay in the mice treated with the GIPR Ab for 18 weeks. Monitoring their food intake for 72 h revealed a subtle decrease in the GIPR Ab treated mice vs the controls ([Figure 3](#fig3){ref-type="fig"}A). To assess potential differences in energy expenditure, the mice were then placed in metabolic cages for ∼48 h. We found no differences in energy expenditure determined by oxygen consumption ([Figure 3](#fig3){ref-type="fig"}B), no changes in the respiratory quotient ([Figure 3](#fig3){ref-type="fig"}C), and no differences in activity levels ([Figure 3](#fig3){ref-type="fig"}C).Figure 3**Impact of chronic GIPR antagonism of food intake and energy expenditure at the end of the weight gain protocol.** A) Cumulative food intake was recorded over a 72-h period following an overnight fast in the control (n = 9) and GIPR Ab (n = 8) groups at the end of the study. B) Oxygen consumption, C) respiratory exchange ratio, and D) activity levels were measured in the control and GIPR Ab groups at the end of the study (n = 6/group). Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: two-way ANOVA with a Bonferroni post-hoc test.Figure 3

3.3. Chronic effects of GIPR antagonism on parameters of glucose tolerance {#sec3.3}
--------------------------------------------------------------------------

We next assessed whether the decreased body weight and fat mass observed in the mice treated with the GIPR Ab during weight gain ([Figure 2](#fig2){ref-type="fig"}B,C) led to meaningful improvements in glucose metabolism. After 18 weeks, fasting glycemia was lower in the GIPR Ab group, but did not reach statistical significance (p = 0.13, [Figure 4](#fig4){ref-type="fig"}A). However, fasting glycemia in the dulaglutide cohort was markedly lower than that in the other groups ([Figure 4](#fig4){ref-type="fig"}A). The mice treated with the GIPR Ab had ∼30% lower glycemic excursions during an IPGTT than the control mice ([Figure 4](#fig4){ref-type="fig"}B), indicating improved glucose tolerance, while the group chronically treated with dulaglutide displayed even better glucose tolerance ([Figure 4](#fig4){ref-type="fig"}B). Interestingly, oral glucose tolerance ([Figure 4](#fig4){ref-type="fig"}C) and insulin sensitivity ([Figure 4](#fig4){ref-type="fig"}D) did not differ between the control and GIPR Ab groups, while dulaglutide treatment improved both outcomes ([Figure 4](#fig4){ref-type="fig"}C,D). We infer from these observations that decreased body weight and fat mass induced by GIPR antagonism was insufficient to produce meaningful increases in insulin sensitivity measured by these physiological tests. It is possible that a more sensitive insulin sensitivity test, for example, a glucose clamp, would have revealed differences in insulin sensitivity in the GIPR Ab group. Nonetheless, it is possible that the improved IPGTT in the GIPR Ab group was due to a mechanism independent of changes in insulin sensitivity.Figure 4**GIPR antagonism improves intraperitoneal glucose tolerance at the end of the weight gain protocol.** A) Glycemia following a 5-h fast in the mice at the end of the study (week 18). (B--D) B) IPGTT (1.5 g/kg), C) OGTT (1.5 g/kg), and D) ITT (0.5 U/kg) conducted in the mice at the end of the study (week 18). Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: 1-way ANOVA (A and B) (AUC), C (AUC), and two-way ANOVA with a Bonferroni post-hoc test (B, C, and D).Figure 4

3.4. GIPR antagonism enhances glucose lowering in response to GLP-1R agonists {#sec3.4}
-----------------------------------------------------------------------------

We recently reported that IP glucose tolerance, but not oral glucose tolerance, is directly related to β-cell GLP-1R function \[[@bib18],[@bib24]\]. We also previously demonstrated that β-cell GLP-1R or β-cell GIPR are dispensable for normal oral glucose tolerance in mice, with OGTT comparable to controls in β-cell knockout of either *Glp1r* \[[@bib25]\] or *Gipr* \[[@bib12]\]. However, mice with selective deletion of β-cell *Glp1r* have impaired intraperitoneal glucose tolerance \[[@bib25]\]. GLP-1R activity sets the β-cell tone in an islet, facilitating α-cell proglucagon input to drive insulin secretion \[[@bib18]\]. Consequently, the improved IP glucose tolerance but normal oral glucose tolerance prompted us to hypothesize that GIPR antagonism increased the sensitivity of the GLP-1R to ligand activation. Indeed, previous studies showed that genetic elimination \[[@bib12],[@bib19]\] or chronic antagonism \[[@bib22]\] of GIPR enhances GLP-1R sensitivity. To test this possibility in our experimental paradigms, we administered the GLP-1R agonist exendin-4 (Ex4) prior to an IPGTT in the control and GIPR Ab groups after 18 weeks of treatment. Ex4 significantly reduced the glycemic response in the GIPR Ab mice relative to the controls, indicating enhanced GLP-1R sensitivity ([Figure 5](#fig5){ref-type="fig"}A). To further highlight that the improved IPGTT was independent of changes in body weight, we treated a separate group of mice with GIPR Ab for only 3 weeks. Body weight was not different between the groups ([Figure 5](#fig5){ref-type="fig"}B), yet the IPGTT was significantly improved in the mice treated with GIPR Ab ([Figure 5](#fig5){ref-type="fig"}C). These data support the concept that antagonism of GIPR enhances GLP-1R sensitivity, which is in agreement with previous reports \[[@bib22]\].Figure 5**GIPR antagonism enhances GLP-1R activity.** A) IPGTT in the mice pretreated with the GLP-1R agonists Ex4 (0.1 nmol/kg) at the end of the study. B) Body weight of the mice fed a high-fat diet starting at 12 weeks of age and treated for 3 weeks with the GIPR Ab. C) IPGTT (1.5 g/kg) conducted after 3 weeks of treatment. Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: Student\'s t-test (A) (AUC), (B), and 2-way ANOVA with a Bonferroni post-hoc test (A and C).Figure 5

3.5. GLP-1R antagonism increases the activity of GIPR {#sec3.5}
-----------------------------------------------------

Our findings, along with previous reports describing enhanced GLP-1R activity following loss of GIPR signaling \[[@bib22]\], led us to hypothesize that the reductions in body weight and fat mass induced by GIPR antagonism are attributable to a compensatory increase in GLP-1R activity. The anorexic effects of GLP-1R agonists are well-established \[[@bib3]\], and it stands to reason that increasing the activity of the endogenous GLP-1 system could produce modest decreases in weight gain observed with GIPR antagonism ([Figure 2](#fig2){ref-type="fig"}B). To test this, we established a protocol for chronically antagonizing GLP-1R. Glp1R0017 is a blocking antibody (GLP-1R Ab) specific for GLP-1R that does not impact GIPR or glucagon receptor activity \[[@bib21]\]. To demonstrate the antagonistic properties of the GLP-1R Ab, we acutely treated mice and conducted IPGTTs with Ex4. In the control treated mice, Ex4 decreased the glycemic excursion ([Figure 6](#fig6){ref-type="fig"}A), but this was completely blocked in the mice treated with the GLP-1R Ab ([Figure 6](#fig6){ref-type="fig"}B). Similar to our validation of the GIPR Ab, we conducted an acute food intake assay to determine whether the GLP-1R Ab was capable of preventing the anorexic effects of exogenously delivered GLP-1R agonists. We used dulaglutide, which potently reduced food intake in the IgG treated control mice ([Figure 1](#fig1){ref-type="fig"}C). Pretreatment with the GLP-1R Ab completely mitigated the ability of dulaglutide to reduce food intake in this assay ([Figure 6](#fig6){ref-type="fig"}C). The GLP-1R Ab did not prevent the reduction in food intake in response to the GIPR agonists and potentially even increased the reduction in food intake relative to the IgG control animals (13% vs 27%, IgG vs GLP-1R Ab, respectively). Together, these data demonstrate that the GLP-1R Ab is an effective antagonist of the GLP-1R.Figure 6**Validation of the GLP-1R antagonist.** A) WT mice were administered a single dose of the GLP-1R Ab (19.2 mg/kg) at 7 AM coinciding with the initiation of the fast. Following a 5-hr fast, glucose tolerance was assessed in response to PBS or Ex4 (0.1 nmol/kg) during an IPGTT. C) Food intake measured over a 4-h period in the mice acutely treated with either PBS, dulaglutide, or GIP. D) An IPGTT +/− GIP (4 nmol/kd). Values are mean ± SEM, \*p \< 0.05 vs control. Statistical tests used: Student\'s t-test (A) (AUC), (B) (AUC), one-way ANOVA (C), and two-way ANOVA with a Bonferroni post-hoc test (A, B, and D).Figure 6

To test the hypothesis that GLP-1R Ab treatment would increase the sensitivity to GIP \[[@bib17],[@bib18]\], we treated the mice with either IgG control or GLP-1R Ab for 3 weeks, the same time needed to enhance IP glucose tolerance in response to the GIPR Ab ([Figure 5](#fig5){ref-type="fig"}B,C). We then conducted IPGTTs with GIP to test for changes in GIPR sensitivity. Glucose tolerance was impaired during IPGTT in the mice treated with the GLP-1R Ab ([Figure 6](#fig6){ref-type="fig"}D; PBS conditions), while oral glucose was unaffected ([Supplemental Fig. 3](#appsec1){ref-type="sec"}), recapitulating the phenotype of the mice with β-cell specific deletion of *Glp1r* \[[@bib25]\] and consistent with our previous reports that GLP-1R activity is important for IP glucose tolerance \[[@bib18],[@bib24]\]. Interestingly, the GLP-1R Ab improved the glycemic response when the mice were administered GIP ([Figure 6](#fig6){ref-type="fig"}D), showing that pharmacological antagonism of GLP-1R improves GIPR sensitivity.

3.6. Antagonism of GLP-1R mitigates weight gain {#sec3.6}
-----------------------------------------------

GLP-1R agonists are well established to reduce body weight, allowing us to reason that chronic antagonism of the GLP-1R would increase body weight in the high-fat fed animals. Thus, we repeated the chronic antagonism protocol previously carried out with the GIPR antagonist ([Figure 2](#fig2){ref-type="fig"}). The 12-week-old mice with equal starting body weights ([Figure 7](#fig7){ref-type="fig"}A) were started on a high-fat diet concurrent with weekly treatment with the GLP-1R Ab; dulaglutide was used as a positive control ([Figure 7](#fig7){ref-type="fig"}B). Surprisingly, chronic antagonism of the GLP-1R reduced body weight gain, with the GLP-1R Ab group weighing less at the end of the study ([Figure 7](#fig7){ref-type="fig"}C). This reduction in body weight was due to a modest decrease in fat mass, not lean mass ([Figure 7](#fig7){ref-type="fig"}D,E).Figure 7**Antagonism of GLP-1R prevents weight gain in response to a high-fat diet.** A) Body weight of the mice at 12 weeks of age, immediately prior to the treatment intervention and commencement of high-fat feeding. B) Body weight gain over the treatment protocol. C) Body weights at the end of the study. D) Lean and E) fat mass determined by MRI at the end of the study (week 18). Values are mean ± SEM, \*p \< 0.05 vs IgG control or GLP-1R Ab (as indicated by color). Statistical tests used: one-way ANOVA (A, C, D, and E) and two-way ANOVA with a Bonferroni post-hoc test (B).Figure 7

To assess the potential mechanisms by which chronic GLP-1R antagonism prevents weight gain, we assessed food intake and energy expenditure at the end of the study. Similar to the mice treated with the GIPR Ab ([Figure 3](#fig3){ref-type="fig"}A), chronic GLP-1R antagonism reduced food intake over a 72 h period ([Figure 8](#fig8){ref-type="fig"}A). No differences were observed in energy expenditure ([Figure 8](#fig8){ref-type="fig"}B), respiratory quotient ([Figure 8](#fig8){ref-type="fig"}C), or activity levels ([Figure 8](#fig8){ref-type="fig"}D).Figure 8**Impact of chronic GLP-1R antagonism of food intake and energy expenditure at the end of the weight gain protocol.** A) Cumulative food intake was recorded over a 72-h period following an overnight fast in the control and GLP-1R Ab groups at the end of the study. B) Oxygen consumption, C) respiratory exchange ratio, and D) activity levels were measured in the control and GLP-1R Ab groups at the end of the study (n = 6/group). Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: two-way ANOVA with a Bonferroni post-hoc test.Figure 8

3.7. Combined antagonism of both GIPR and GLP-1R produces a greater effect on body weight {#sec3.7}
-----------------------------------------------------------------------------------------

GLP-1R agonists reduce body weight, while emerging data have demonstrated that GIPR agonists are also able to produce decreases in body weight \[[@bib23]\]. However, GIPR antagonism reduces body weight \[[@bib22]\], although by unclear mechanisms. Our findings demonstrate that chronic GLP-1R antagonism prevents weight gain ([Figure 7](#fig7){ref-type="fig"}B) similar to what is observed with chronic GIPR antagonism ([Figure 2](#fig2){ref-type="fig"}B). We also noted that antagonism of either receptor produces an increase in the sensitivity of the complementary receptor ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}D), which is in agreement with the phenotype of genetic knockouts for either *Gipr* \[[@bib12],[@bib19]\] or *Glp1r* \[[@bib17],[@bib18],[@bib24]\]. Moreover, a recent report utilizing a different GIPR antagonist alluded to enhanced GLP-1R activity when the GIPR is chronically antagonized \[[@bib22]\]. Thus, we hypothesized that the decrease in body weight gain in response to and incretin receptor antagonist is due to enhanced signaling of the complementary receptor rather than antagonism *per se*. To test this hypothesis, we fed the mice a high-fat diet while chronically antagonizing both the GIPR and GLP-1R, anticipating that dual antagonism would mitigate the compensatory actions of a single antagonism and produce no changes, or perhaps elevations, in body weight gain. Finally, we also co-treated the mice with both the GIPR Ab and dulaglutide to test for enhanced GLP-1R sensitivity on body weight, following a similar experimental protocol that demonstrated robust weight loss with GIPR antagonism plus GLP-1R agonism in high-fat fed mice \[[@bib22]\].

Six groups of 12-week-old WT C57BL/6J mice were evenly distributed to ensure equal starting BW ([Figure 9](#fig9){ref-type="fig"}A), including the three groups presented in [Figure 7](#fig7){ref-type="fig"} (IgG, GLP-1R Ab, and dulaglutide). The mice were started on a high-fat diet concurrent with their experimental treatment protocol and followed for 19 weeks ([Figure 9](#fig9){ref-type="fig"}B). At the end of the study, GIPR antagonism significantly reduced BW gain by 22% ([Figure 3](#fig3){ref-type="fig"}B), almost identical to the results of the first study ([Figure 2](#fig2){ref-type="fig"}B). To our surprise, the combination of GIPR and GLP-1R antagonism yielded a further decrease in BW (39%) consistent with an additive effect of the two antagonists alone ([Figure 9](#fig9){ref-type="fig"}B). However, dulaglutide treatment produced the greatest reduction in BW (49%; [Figure 9](#fig9){ref-type="fig"}B). Finally, the combination of GIPR antagonism plus dulaglutide was comparable to dulaglutide alone (58% vs 49%; p = 0.38) ([Figure 9](#fig9){ref-type="fig"}B). Any differences in body weight induced by the six interventions were attributable to lower fat and not lean mass ([Figure 9](#fig9){ref-type="fig"}D,E).Figure 9**Antagonism of GIPR and GLP-1R, alone or in combination, prevents weight gain in response to a high-fat diet.** A) Body weight of the mice at 12 weeks of age, immediately prior to treatment intervention and commencement of high-fat feeding. B) Body weight gain over the treatment protocol. C) Final body weights at the end of the study (week 19). D) Lean and E) fat mass determined by MRI at the end of the study (week 19). Values are mean ± SEM, \*p \< 0.05 as indicated by color. Statistical tests used: one-way ANOVA with a Bonferroni post-hoc test (A, C, D, and E) and two-way ANOVA with a Bonferroni post-hoc test (B).Figure 9

Both GIP and GLP-1 control glucose tolerance at the level of islet hormones induced changes in both insulin and glucagon secretion. To determine whether chronic antagonism of either receptor, alone or in combination, influences insulin of glucagon levels, a modified glucose tolerance test was conducted at the end of the feeding study. Antagonism of either the GIPR or GLP-1R or the combination did not change the glycemic excursion in response to oral glucose ([Supplementary Fig. 3A](#appsec1){ref-type="sec"}) or the ability for oral glucose to stimulate insulin secretion ([Supplementary Fig. 3B](#appsec1){ref-type="sec"}) or reduce glucagon levels ([Supplementary Fig. 3C](#appsec1){ref-type="sec"}). Finally, the GIP response to oral glucose was unchanged in all of the groups ([Supplementary Fig. 3D](#appsec1){ref-type="sec"}), while we did not measure GLP-1 levels.

Finally, we assessed food intake and energy metabolism in the mice treated with both antagonists at the end of the study. We found no difference in food intake ([Figure 10](#fig10){ref-type="fig"}A), energy expenditure ([Figure 10](#fig10){ref-type="fig"}B), respiratory quotient ([Figure 10](#fig10){ref-type="fig"}C), or activity levels ([Figure 10](#fig10){ref-type="fig"}D) compared to the control mice. Based on these observations, it is difficult to ascertain whether the prevention of weight gain achieved by chronic antagonism of the incretin system is due to subtle changes in either metabolism or food intake that is not apparent with the assays utilized herein or due to another mechanism.Figure 10**Impact of chronic GIPR and GLP-1R antagonism of food intake and energy expenditure at the end of the weight gain protocol.** A) Cumulative food intake was recorded over a 72-h period following an overnight fast in the control and GLP-1R/GIPR Ab groups at the end of the study. B) Oxygen consumption, C) respiratory exchange ratio, and D) activity levels were measured in the control and GLP-1R/GIPR Ab groups at the end of the study (n = 6/group). Values are mean ± SEM, \*p \< 0.05 vs IgG control. Statistical tests used: two-way ANOVA with a Bonferroni post-hoc test.Figure 10

4. Conclusions {#sec4}
==============

The results of this study confirmed that chronic GIPR antagonism caused modest decreases in body weight in high-fat fed mice. However, in contrast to our prediction, the mechanism was not mediated by increased GLP-1R sensitivity as co-antagonism of the GLP-1R did not affect reductions in body weight. In fact, combined antagonism produced a more robust decrease in body weight than single antagonism alone. This study also produced the paradoxical observation that both agonism (dulaglutide) and antagonism (GLP-1R Ab) of the GLP-1R conferred protection against diet-induced obesity. While the finding that GLP-1R antagonism decreased weight gain was initially surprising, there is precedence for this result. Mice with germ-line deletion of *Glp1r* were also protected against diet-induced obesity \[[@bib15],[@bib16]\]. Therefore, one conclusion from our data is that antagonism of either, or both, arms of the incretin axis induces downstream changes in metabolic pathways that protect against diet-induced weight gain. While our initial hypothesis was that these changes would be mediated by greater efficacy of the complementary incretin system, the findings presented herein suggest that the effects extend beyond the two incretin receptor pathways to yet unidentified mechanisms. However, one firm conclusion that can be drawn from these studies is that categorizing GIP as an obesogenic peptide based on responses of *Gipr* knockout mice is not wholly accurate and misses the true complexity of incretin action.

The original observation that *Gipr*^*−/−*^ mice are protected from diet-induced obesity has spurred numerous efforts to develop GIPR antagonists to reduce or prevent weight gain \[[@bib26]\]. Genetic or pharmacological blockade of GIPR signaling has been proposed to reduce body weight and improve the metabolic profile in preclinical models of insulin resistance and obesity \[[@bib8],[@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33]\]. Recently, central administration of the same neutralizing antibody targeting the GIPR used in our studies reduced weight in obese mice through a leptin-sensitizing mechanism \[[@bib10]\]. Furthermore, a separate antibody with antagonizing properties on the GIPR reduced weight in obese mice and nonhuman primates \[[@bib22]\]. Interestingly, this reagent also markedly enhanced the efficacy of multiple GLP-1R agonists, replicating the plasticity invoked by gene deletion of *Gipr*. Based on these findings, it is reasonable to hypothesize that a portion of the weight effects resulting from GIPR antagonism can be attributed to enhanced GLP-1R activity. However, the combination of GLP-1R and GIPR antagonism produced an additive effect toward reducing body weight gain, refuting this hypothesis and suggesting more complicated mechanisms involved.

We also demonstrated that chronic antagonism of the GLP-1R produces similar protection against diet-induced obesity, which conforms with the phenotype of *Glp1r* knockout mice fed a high-fat diet \[[@bib15],[@bib16]\]. Concluding that GLP-1 promotes obesity based on the body weight effects of the GLP-1R Ab studies presented herein would be a tenuous argument and contradict the magnitude of clinical data demonstrating the opposite effect. Instead, the collective knowledge of GLP-1R biology would indicate that reduced weight gain induced by GLP-1R antagonism is not due to a loss of GLP-1R signaling *per se*, but rather an indirect effect compensating for the loss of a major axis of metabolic regulation. It is clear that the incretin system exerts primary control over metabolic regulation. However, it is also likely that this system is interconnected with other factors to regulate energy balance. Because the biology of GLP-1 and GIP evolved as primary regulators of metabolism, it is not hard to envision that disruption of the incretin system would place unintended stress on these complementary systems. This inefficiency could drive the subtle decreases in weight gain following the loss of GLP-1R signaling. This unifying hypothesis reconciles the paradoxical observations that both gain and loss of GLP-1R or GIPR signaling produces decreased body weight. However, this is an untested hypothesis based on the observations presented herein, along with previous work, that requires further evaluation.

Compared to GLP-1, there is much less data to support the concept that GIPR agonism can decrease body weight. Numerous co-agonists that incorporate GIPR activity have demonstrated robust effects on decreasing body weight \[[@bib2]\], highlighted most recently by phase 2 clinical results of tirzepatide \[[@bib34]\]. However, the relative contribution of GIPR activity to these compounds remains unknown. Preclinical studies using GIPR monoagonists lowered body weight in obese mice \[[@bib23]\], demonstrating the potential weight-lowering effects of GIP. It is interesting that the GIPR Ab used in these studies was much less effective in reducing body weight when administered to obese mice ([Figure 2](#fig2){ref-type="fig"}E). Recent reports demonstrated that DREADD activation of GIPR + neurons reduced food intake in mice \[[@bib35]\], which aligns with our current data ([Figure 1](#fig1){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}C) and supports the notion that GIPR agonism, not antagonism, would reduce body weight. Moreover, no studies have demonstrated that chronic GIPR agonism increases body weight. Consequently, the general consensus that GIP promotes obesity is solely based on loss-of-function studies. Herein we clearly show that by juxtaposing GLP-1R agonism with antagonism, phenotypes of systemic metabolism in loss-of-function models do not allow simple conclusions for the metabolic role of either incretin. Thus, concluding that GIPR activity is obesogenic based on loss-of-function studies is precarious, especially given emerging data reporting the opposite conclusion. A large gap in knowledge remains in our understanding of the metabolic role of GIP and the implications modulating the GIPR system can have for targeting obesity and type 2 diabetes.

5. Limitations {#sec5}
==============

There are number of limitations to this study that warrant discussion. First, we did not identify the mechanism by which incretin receptor antagonism, alone or in combination, facilitates reductions in weight gain. Nor did we demonstrate the mechanism that explains the increase in incretin receptor activity following antagonism of the complementary incretin receptor. We were especially surprised to find that combined receptor antagonism produced enhanced reductions in weight gain, suggesting that antagonizing the incretin axis invokes an additional system, separate from the incretin receptors, to exert control over the metabolic processes normally governed by the incretin axis. However, given that the effect size of the combined antagonism was significantly lower than the dulaglutide treatment, we are not optimistic that identifying this system will produce a meaningful target to treat obesity. Second, we were unable to recapitulate the same level of enhanced GLP-1R signaling in response to GIPR Ab as previously reported with a different GIPR antagonist \[[@bib22]\]. It is possible this was because the antagonist in the current study was developed to target human GIPR \[[@bib20]\], whereas the Amgen compound was designed to target mouse GIPR \[[@bib22]\]. Consequently, the level of GIPR antagonism in mice and the subsequent compensatory increase in GLP-1R signaling achieved in the current study was most likely less than that of the Amgen compound.
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